regeneration. 5, 6 SCAPs can give rise to primary odontoblasts, which are responsible for the formation of primary root dentin during the odontogenesis. [5] [6] [7] Apical infection caused by dental caries, trauma and periodontal diseases may block the tooth development. 8 Some documents have found that SCAPs may still exist and work at the site of the root development process during infections. 9 In vivo studies, SCAPs have been proved to form a dentin/pulp complex when transplanted with HA/TCP particles in immunodeficient mice. 5 It is reported that SCAPs could also be used in combination with periodontal ligament stem cells to form a bioroot. 10 A wide array of biochemical (growth factors, hormones and microRNAs) and biophysical (electrical, magnetic and ultraviolet ray)
elements are currently being investigated in vitro for their capacity to aid stem cell regeneration. 11 It is well established that oestrogen plays an important role in affecting growth, differentiation and function in multiple systems and organs in the organism. 12 The predominant biological effects of oestrogen are generally exerted by activation of oestrogen receptor (ER). 13 ER is a member of the receptor superfamily, and it is an oestrogen-dependent transcription factor which accounts for the regulation of bone metabolism. 14 Some studies have found that the expression of ER is up-regulated during the osteogenic differentiation of rat calvaria osteoblasts. 15 ER is mainly divided into 2 types (ie ERα and ERβ) and ERβ exhibits a more limited expression pattern. 16 ERα has the ability to decrease bone turnover and increase trabecular bone volume in male mice. 17 Oestrogen and ER axis is multiply reported to have effects on the proliferation, apotosis and differentiation of mesenchymal stem cells (MSCs). 18 Some studies have proved that ER can activate related signalling pathways (Wnt/β-catenin, mTOR and PI3K/Akt/STAT3) to regulate the proliferation-associated genes of MSCs. 19, 20 Researches suggest that oestrogen is involved in the differentiation of bone marrow MSCs 13 and dental MSCs-mediated morphogenesis of tooth.
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Our previous studies have detected the increased expression of ERα in the process of oestrogen-mediated differentiation of SCAPs. 22 However, the exact effects of ERα on SCAPs and the underlying mechanisms have not been elucidated. In this work, we investigated the effects of ERα in SCAPs and demonstrated that ERα can promote the odonto/osteogenic differentiation of SCAPs by activating ERK and JNK MAPK pathways.
| MATERIAL S AND ME THODS

| Cell isolation and culture
Human third molars with immature roots were collected from donors School of Nanjing Medical University and performed with the informed consent of the patients. The apical papilla was softly isolated from surfaces of roots and then minced and digested in a solution of 3 mg/mL type I collagenase (Gibco, Life Technologies, MA, USA) and 4 mg/mL trypsin (Gibco, Life Technologies) for 1 hour at 37°C. The dissolved tissues were evenly plated into 6 cm culture dishes, then incubated in alpha minimum essential medium (α-MEM, Gibco, Life Technologies) supplemented with 10% foetal bovine serum (FBS, Gibco, Life Technologies), 100 g/mL streptomycin and 100 U/mL penicillin at 37°C in 5% CO 2 . The media were changed after 24 hours thereafter every 2 days. After 7-10 days, the attached cells were collected and purified by the procedure of magnetic activated cell sorting as previously described. 23 Cells were passaged by 0.25% trypsin at a 1:3 split ratio after the cell density came up to 80%-85%. The experiments were carried out by using SCAPs within 3-5 passages. 
| Flow cytometry
| Plasmid construction
The PLKO.1/ERα-shRNA plasmid, envelope plasmid (VSVG) and packaging plasmid (drpr) were mixed according to the ratio of 6.67: 
| Cell transfection
SCAPs cultured at 60%-70% confluence were transfected with the lentiviruses in 1 mL α-MEM supplemented with 10% FBS and 8 μg/ mL polybrene (Santa Cruz, Delaware Ave, Santa Cruz, CA, USA).
10 hours later, the infected cells were incubated in replaced conventional media. After 3 days, the antibiotic-resistant transfected cells were selected by applying puromycin in culture medium and passaged at the ratio of 1:3 for further use.
| Cell counting kit-8 assay
The proliferation ability of transfected SCAPs was detected by using the cell counting kit-8 (CCK-8, Dojindo, Tokyo, Japan) according to the manufacturer's protocol. Cells were cultured in a 96-well plate at an initial density of 2 × 10 3 cells per well. Then, the complete medium was changed for the serum-free medium when cells adhered to the wall. At day 0, 1, 3, 5, 7 and 9, SCAPs were treated with CCK-8 regents at 37°C for 2 hours, and then the OD values were determined at 450 nm by a microplate reader (Bio-Tek, Vermont, USA).
| Alkaline phosphatase activity
Transfected SCAPs were plated at a density of 1 × 10 4 cells/well into 6-well plates (Corning, Life Sciences, NY, USA). Cells were cultured for 5 days and changed for fresh medium every other day. Then, they
were rinsed with PBS for 3 times and incubated with 50 μL 0.2%
Triton X-100 for 2 hours at 37°C. The ALP activity was detected by using an ALP activity assay kit (Jiancheng, Nanjing, China) according to the manufacturer's instructions. The normalization of ALP activity to total protein was determined with a BCA kit (Beyotime, Shanghai, China).
| Alizarin red staining
The mineralization ability of transfected SCAPs in osteogenic induction group and uninduced group was investigated. Briefly, well-grown cells were plated into 6-well plates (Corning, Life Sciences). Then, cells were cultured in a mineralization-inducing medium containing α-MEM, 10% FBS, 100 U/mL penicillin, 100 g/ 
| Real-time reverse transcription polymerase chain reaction
Total RNA was extracted from SCAPs using TRIzol reagent 
| Western blot
To measure the expression of MAPK pathway-related proteins, trans- 
| Statistical analysis
Experiments were performed in triplicate and repeated more than 3 times independently. The results were presented as mean ± SD and analysed using spss 17.0 software (SPSS, Chicago, IL, USA). Twotailed Student's t-test was used for comparison of pairs. A P value of less than 0.05 was considered statistically significant.
| RE SULTS
| Characterization of SCAPs and cell transfection
There was a high expression of MSC markers (STRO-1, CD73, CD90
and CD105), while the hematopoietic makers (CD34 and CD45) were 
| ERα had no influence on the proliferation of SCAPs
CCK-8 assay and flow cytometry were performed to investigate whether ERα can exert an effect on the proliferation ability of SCAPs. CCK-8 assay indicated that there was no significant difference (P > .05, Figure 2A ) in cell growth between sh-ERα group and Scramble group, while ERα group also presented no distinct difference (P > .05, Figure 2A ) as compared with GFP group. FCM analyses further confirmed that no significant difference (P > .05) was detected between sh-ERα group (23.16%, Figure 2B ) and Scramble group (22.59%, Figure 2B ), as indicated by the proliferation index (PI = G 2 M+S). Meanwhile, there was no significant difference in proliferation index (P > .05) between ERα group (10.78%) and GFP group (9.15%, Figure 2B ). Therefore, it was concluded that ERα was of no influence on the proliferation capacity of SCAPs.
| ERα enhanced ALP activity and mineralization capacity of SCAPs
After suppression of ERα in SCAPs, ALP activity was obviously downregulated as compared with that in Scramble group (P < .01, Figure 3A) at day 5. Meanwhile, SCAPs generated more mineralization nodules in Scramble group as compared with that in sh-ERα group under osteogenic conditions ( Figure 3B,C) . CPC assay further demonstrated that the calcium concentration in Scramble group was significantly higher than that in sh-ERα group in osteogenic media (P < .05, Figure 3D ). On the contrary, both ALP activity and mineralized nodules remarkably increased in ERα group as compared with those in GFP group (P < .05, Figure 3A -D) after overexpression of ERα in SCAPs.
| ERα promoted the odonto/osteogenic differentiation of SCAPs
After suppression of ERα in SCAPs, the mRNA levels of odonto/ osteoblastic marker genes (DMP1, RUNX2, DSPP and OCN) were F I G U R E 1 Characterization of SCAPs and ERα expression in transfected SCAPs. A, Flow cytometry revealed that SCAPs were positive for STRO-1, CD73, CD90 and CD105 and negative against CD34 and CD45. B, The ERα expression at day 3 in Scramble group, sh-ERα group, GFP group and ERα group respectively. *P < .05 or **P < .01. C, The ERα expression at day 3 in Scramble group, sh-ERα group, GFP group and ERα group respectively. *P < .05 or **P < .01. D, Greyscale analyses of (C) by Image-Pro Plus 5.0 software down-regulated at day 3 or 7 (P < .05, Figure 4A ), while the protein levels of DMP1, RUNX2, DSP and OCN also obviously decreased at day 3 or 7 (P < .05 or P < .01, Figure 4C,D) . On the contrary, the mRNA expression of DMP1, RUNX2, DSPP and OCN was up-regulated at day 3 or 7 (P < .05 or P < .01, Figure 4B ), while protein levels of DMP1, RUNX2, DSP and OCN also increased at day 3 or 7 (P < .05 or P < .01, Figure 4E,F) . Collectively, the above findings indicated that ERα can regulate the odonto/osteogenic differentiation of SCAPs.
| ERα activated ERK and JNK MAPK pathways of SCAPs
Protein levels of p38, p-p38, ERK, p-ERK, JNK and p-JNK, as measured by western blot, are shown in Figure 5A . No change in p38 and p-p38 expression was observed ( Figure 5B ). When
ERα was repressed, the protein level of p-ERK was significantly down-regulated while the ERK expression was up-regulated. The expression level of JNK was down-regulated, while the p-JNK expression decreased more. The ratios of p-ERK/ERK and p-JNK/ JNK had statistically significant differences between Scramble and sh-ERα groups (P < .05 or P < .01, Figure 5B ). When ERα was overexpressed, the protein level of ERK was constant, while the p-ERK expression was significantly up-regulated. The expression level of JNK was down-regulated while p-JNK significantly increased. The ratios of p-ERK/ERK and p-JNK/JNK had statistically significant differences between GFP and ERα groups (P < .01, Figure 5B ). It is suggested that ERα activated ERK and JNK MAPK pathways. 
| D ISCUSS I ON
Various research studies have investigated the effects of oestrogen on the osteogenesis and osteogenic differentiation of MSCs.
24,25
Oestrogen deficiency may result in the damage of periodontium and abnormal tooth development. 26, 27 It is recently reported that the concentration of ER plays a decisive role in the cellular responses to oestrogen. 28, 29 To date, little information is available concerning the effects of ERα on the committed differentiation of MSCs. The current study reveals for the first time that ERα can enhance the odonto/osteogenic differentiation capacity of SCAPs via ERK and JNK
MAPK pathways.
In this study, ERα had no effect on the proliferation ability of SCAPs. Repression of ERα can decrease the number of mineralized nodules as well as the ALP activity of SCAPs. On the contrary, the formation of the mineralized nodules and the ALP activity of SCAPs were up-regulated when ERα was overexpressed. ALP is an early marker during the osteoblast differentiation. 23 It is an enzyme protein secreted by osteoblasts, which can raise the local concentration of inorganic phosphate and accelerate the precipitation of calcium by hydrolysis of multiple phosphate. 21 Among the odonto/ osteogenic markers concerned, DSP and DSPP are specific biomarkers of tooth, which are highly expressed in mature odontoblasts and play an important role in the formation and mineralization of dentin, growth and development of tooth germ. 30, 31 DMP1 is a downstream factor of DSPP and regulated by it during the formation of dentin.
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RUNX2 is a vital nuclear transcription regulator of odonto/osteogenic differentiation. 30 It has been reported that RUNX2-knockout mice present the defective odontogenic ability while overexpression of RUNX2 can induce bone regeneration. 33, 34 OCN is a small γ-carboxyglutamate protein which is a marker of late phases of osteogenic differentiation. 35 Our results showed that the expression of odonto/osteogenic markers was decreased after repression of ERα at both mRNA and protein levels while the expression of these markers was up-regulated as ERα was overexpressed.
In terms of mechanisms, ERα has complex signalling pathways for different genes in different cell types in which the classic mechanism of ERα action is ligand-dependent. 14 This model states that in the presence of oestrogen, the binding of ligand induces high affinity within ERα, which can promote its binding to specific DNA response elements-oestrogen receptor element (ERE) on the promoter region of target genes, thereby regulating the gene transcription level. 18 Except the classic genomic way, ligand-independent activation (cross-talk with peptide growth factors) and ERE-independent genomic actions of ER (combining with specific transcriptional factors)
are also well documented. 18 Additionally, ER possesses a nongenomic effect which can induce biological effects in several minutes or even seconds via signal transduction pathways.
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F I G U R E 3 Effects of ERα on ALP and mineralization capacity of SCAPs. A, ALP activity of SCAPs in Scramble, sh-ERα, GFP and ERα groups at day 5 respectively. *P < .05 or **P < .01. B, The formation of mineralized nodules in SCAPs in 4 groups at day 14. C, Mineralized nodules under the inverted microscope in 4 groups. Scale bars = 100 μm. D, Calcium contents in 4 groups by CPC assay. *P < .05
Oestrogen membrane receptors have been reported to be involved in delivering mitogen-activated protein kinase (MAPK)-mediated phosphorylation, whereas the activator is likely to be trace of oestrogen in serum. 14 MAPK is an important protein kinase in cells, which plays an important role in transmitting signals between the membrane and the nucleus and subsequently regulating cell proliferation, differentiation, survival, and apoptosis. 38 MAPKs mainly include 3 parallel signalling pathways, ie extracellular signal-regulated kinase (ERK), c-Jun N-terminal kinase (JNK) and p38. 39 Blockage of the ERK pathway can inhibit the RUNX2-mediated osteogenic differentiation, 40 while JNK pathway is closely related to cell differentiation and apoptosis. 41 Our data demonstrated that the changes and OCN gene levels in GFP and ERα groups at day 0, 3 and 7 respectively. *P < .05 or **P < .01. C, The protein levels of OCN, DSP, RUNX2 and DMP1 in Scramble and sh-ERα groups at day 0, 3 and 7 respectively. D, Grayscale analyses of (C). *P < .05 or **P < .01. E, The protein levels of OCN, DSP, RUNX2 and DMP1 in GFP and ERα groups at day 0, 3 and 7 respectively. F, Grayscale analyses of (E). *P < .05 or **P < .01 responses to transcription events. 44 Taken together, ERα carries out the functions in the differentiation process of SCAPs via the utilization of synergistic effects.
| CON CLUS IONS
This work identifies an important role of ERα in regulating the odonto/ 
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F I G U R E 5
Effects of ERα on MAPK pathway and its downstream transcription factors of SCAPs. A, Protein levels of p38, p-p38, ERK, p-ERK, JNK and p-JNK in the cytoplasm of transfected SCAPs in Scramble, sh-ERα, GFP and ERα groups at 48 hours. β-ACTIN served as an internal control. B, Quantitative analysis for the ratios of p-p38/p38, p-ERK/ERK and p-JNK/JNK. *P < .05 or **P < .01. C, Protein levels of c-Fos, p-c-Fos, c-Jun, p-c-Jun, Elk1 and p-Elk1 in the nuclei of transfected SCAPs in Scramble, sh-ERα, GFP and ERα groups at 48 hours. H3 served as an internal control
